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Abstract—Reactive phosphorus undergoes diagenetic transformation once transferred into marine sediments.
The degree of regeneration and redistribution of phosphorus depends on early diagenetic and environmental
conditions, which may be linked to larger scale phenomena, such as bottom water circulation, water column
ventilation, and organic carbon flux. Phosphorus phases of the 50-m-sized fraction of deep-sea sediments
from core SU 90-09 (North Atlantic, 43°31'N, 30°24'W, 3375 m below sea level) have been analyzed using
a sequential extraction technique (SEDEX method) to reconstruct phosphorus geochemistry during Heinrich
events 4 and 5. Comparison with Holocene samples from the same site indicates that postdeposition diagenetic
transformation has not affected phosphorus distribution in the deep part of the sediments. Total and reactive
phosphorus average 0.40 0.04 mg/g and 0.30 0.05 mg/g, respectively, and are comparable to values found
in analog deep-sea environments in the North Atlantic. Detrital phosphorus, the phase linked to igneous- and
metamorphic-derived material, sharply increases during Heinrich events and covaries with the ice-rafted
debris record, whereas authigenic and Fe-bound phosphorus phases, both influenced by redox conditions,
decrease or even disappear. These findings suggest that during the deposition of Heinrich layers (HLs),
environmental parameters hampered the precipitation of these phases. Large freshwater discharges in relation
to iceberg surges may have provoked a temporary stratification of the water column. Accordingly, dysaerobic
conditions in the sediments may have fostered the loss of dissolved phosphorus from the sediments to the
water column, in a direct and rapid response to the changed conditions. Decreasing trends in organic matter
elemental ratios (total organic carbon/organic phosphorus) and Rock-Eval oxygen index values, along with the
presence of partly authigenic dolomite and ankerite within HLs, also support this assumption.
1. INTRODUCTION
During the last glaciation (marine isotope stages 2 to 4), six
episodes of enhanced ice-rafted debris (IRD) supply produced
the so-called Heinrich layers (HLs) (Heinrich, 1988; Broecker
et al., 1992; Andrews, 1998). These layers, found across the
North Atlantic down to 40°N in the area called IRD belt
(Ruddiman, 1977), contrast sharply with ambient glacial sedi-
mentation. They are characterized by the sequential deposition
of high amounts of lithogenic material, which originated from
both European and Canadian soil and rock sources (Grousset et
al., 2000), high detrital carbonate contents (Bond et al., 1992),
low amounts of foraminiferal tests (Heinrich, 1988; Broecker et
al., 1992), and a high supply of organic matter derived from
terrestrial sources (e.g., Rosell-Mele´ et al., 1997; Huon et al.,
2002). There is convincing evidence that HL deposition was
accompanied by the formation of a freshwater lid (Bond et al.,
1992), which possibly stopped or strongly reduced North At-
lantic deep water (NADW) formation and thermohaline circu-
lation (Broecker, 1994; Paillard and Labeyrie, 1994; Maslin et
al., 1995; Vidal et al., 1997; Zahn et al., 1997). The signature
of Heinrich events has been found not only in North Atlantic
sediments (e.g., the Arabian and South China seas; Schulz et
al., 1998; Wang et al., 1999) but also in terrestrial records (e.g.,
Grimm et al., 1993; Lowell et al., 1995; Benson et al., 1996;
Sanchez-Gon˜i et al., 2000) and has been correlated with the
Greenland ice core isotope record (Bond et al., 1993), pointing
to possible teleconnections between high- and low-latitude
climates on short time scales.
The present study addresses the geochemical signature of
Heinrich events 4 and 5, as expressed in their marine phospho-
rus records. Phosphorus is an essential nutrient, limiting oce-
anic productivity on geological time scale (Tyrrell, 1999).
Being involved in biologic processes and having a strong
affinity to iron and manganese oxyhydroxides, the P cycle in
marine sediments is rather complex and controlled by environ-
mental conditions (for a comprehensive review, see Jarvis et
al., 1994; Krajewski et al., 1994; Fo¨llmi, 1996; Delaney, 1998).
Regenerated dissolved and reactive (i.e., biologically available)
P is potentially redistributed to different sedimentary phases or
rediffused into the water column, depending on chemical and
physical parameters, such as phosphorus and fluoride concen-
trations in pore waters, dissolved oxygen levels, alkalinity,
nature of sediments, and bioirrigation (Krajewski et al., 1994;
Van Cappellen and Ingall, 1994; Slomp, 1997; Colman and
Holland, 2000). Being influenced by parameters that may
change quite rapidly, P phase concentrations in sediments are
expected to fluctuate at a comparable rate.
In that sense, constraints on the redistribution and recycling
of P during the deposition of HLs are consequential because
phosphate concentrations in bottom waters, inferred from
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Cd/Ca and 13C measurements on benthic foraminifers, are
widely used to assess changes in oceanic circulation related to
these rapid climatic changes. Because cadmium and phosphate
profiles in the water column show a high similarity, cadmium
is considered a “phosphate analog” in deep-sea paleoceano-
graphic studies (Boyle, 1988). The increase in the Cd/Ca ratio
of benthic foraminifers recorded during HL deposition (Ber-
tram et al., 1995; Marchal et al., 1999) has been interpreted as
the result of the reduction or even shutoff of NADW formation
and the consequent northward penetration of nutrient- and
phosphate-rich waters from the South Atlantic Ocean.
It is therefore important to determine the extent of recycling
of dissolved phosphorus from sediments and its contribution to
the total phosphate concentration in bottom waters during Hei-
nrich events. We believe that a clear understanding of P geo-
chemistry in the marine environment during and between Hei-
nrich events may contribute to a better interpretation of the
bottom water environment (oxic and suboxic conditions), water
column dynamics, and circulation. The aim of this study is to
provide a high-resolution record of fine-sized (50 m) P
compounds in marine sediments from a North Atlantic deep-
sea core (including HLs 4 and 5), using a sequential P extrac-
tion procedure to (a) estimate the contribution of detrital P
during the phases of enhanced ice-rafting detritus supply; (b)
determine the influence of this supply on reactive P redistribu-
tion in sediments; and (c) discuss some of the factors control-
ling bottom water conditions during Heinrich events using P
sedimentary cycling as a proxy for oxic vs. anoxic conditions.
2. MATERIAL AND METHODS
Sediment samples were recovered from piston core SU90-09
(43°05'N, 31°05'W, 3375 m below sea level), located in the central
North Atlantic on the western side of the Mid-Atlantic Ridge (Fig. 1;
Grousset et al., 2001; Huon et al., 2002). Stratigraphic correlation with
reference core SU90-08 (43°31'N, 30°24'W) and the down-core posi-
tion of HLs 1 to 5 were performed using accelerator mass spectrometry
14C ages on Neogloboquadrina pachyderma s. shells, coarse lithic grain
(150 m) counts under binocular, low-field magnetic susceptibility,
and gray-scale reflectance records (methods described in Grousset et
al., 1993; Cortijo et al., 1995; Grousset et al., 2001).
Our study focuses on the fine-sized (50 m) fraction of 83 samples
recovered within and between HLs 4 and 5. Samples were taken from
130- to 200-cm core depths at 1-cm interval between HLs and at 0.5 cm
within HLs 4 and 5, which were identified at core depths of 144.0 to
153.5 cm and 187.0 to 193.5 cm, respectively (Huon et al., 2002).
Thirteen samples between 10 and 30 cm, representing Holocene (post-
glacial) sediments, were also analyzed to better constrain the possible
overprint of diagenesis on P. The use of the 50-m-sized fraction of
sediments for this study is justified by four main reasons: (a) Organic
matter from the 50-m fraction from the same samples was analyzed
for nitrogen and carbon stable isotopes (Huon et al., 2002), so it is
possible to compare results from both studies; (b) terrigenous organic
matter (and related organic-bound P), transported “far off” its conti-
nental source, is rather concentrated in the fine-sized fraction, either
dispersed in the sediment or bound to clay minerals (Keil et al., 1994;
Christensen, 1996); (c) in continental source areas, organic matter is
stabilized in the fine-sized fraction of soils (Balesdent and Mariotti,
1996), and therefore, a better characterization of continental inputs is
expected from fine-sized fractions; and (d) the ratio of organic carbon
vs. lithic content of bulk sediment is very low, particularly for HLs,
which are enriched in coarse IRD, leading to high mineral matrix
effects and reducing as much the resolution of elemental analysis.
Fig. 1. Location of core SU90-09 in the central North Atlantic. The map was obtained through the Aquarius Geomar
Online Map Creation (http://www.aquarius.geomar.de/omc). The gray area represents the “Ruddiman ice-rafted debris
(IRD) belt” (Ruddiman, 1977).
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Moreover, it has been shown that fine-sized fractions in deep-sea
sediments of the NE Atlantic provide unambiguous records of en-
hanced ice rafting detrital supply. Drastic changes in mineralogical
composition and K-Ar apparent ages support a high contribution of
continental derived material for even finer sized fractions, such as
clay-sized (2 m) fractions (Bond et al., 1992; Huon and Ruch, 1992;
Jantschik and Huon, 1992; Huon and Jantschik, 1993; Broecker, 1994).
Phosphorus was extracted from the 50-m-sized fraction of the
sediment samples using the SEDEX method, a sequential extraction
technique (Ruttenberg, 1992; Filippelli and Delaney, 1996; Anderson
and Delaney, 2000). Fe-bound, authigenic, detrital, and organic-bound
P represent the four extracted P phases that are linked to different
sedimentary sinks (see Table 1 for details, errors, and detection limits
of the method). Fe- and organic-bound P correspond to P linked to Fe
and Mn oxyhydroxides and to organic matter, respectively. The acetate
step of the SEDEX method (step 2; see Table 1) extracts phosphorus
associated with authigenic fluorapatite, fish debris, calcium carbonate,
and smectite (Ruttenberg, 1992). In all cases, as dissolved P is removed
either from the water column or from the sediments, we can consider
and refer to it as authigenic. Ferric Fe from both amorphous and
well-crystallized minerals and Fe from amorphous Fe sulfides have
been extracted during the first step of the SEDEX method (for details
on the methodology, see Table 1 and Slomp et al., 1996).
One concern about studying the 50-m fraction is the possibility
of losing information about P phase concentrations. Therefore, we have
also performed phosphorus extractions on bulk sediments from selected
HL and ambient glacial samples. Fe-bound P and organic-bound P
concentrations in both bulk and fine-sized fraction are in the same
range of values, confirming the assumptions that (a) P associated with
Fe oxyhydroxides is mainly present in the fine fraction (Slomp et al.,
1996), and (b) organic matter is mainly concentrated in this fraction
(see discussion above). Detrital P concentrations are slightly higher in
bulk sediments than in the 50-m fraction, but being nonreactive,
detrital P is not affected by postburial redistribution. Moreover, con-
sidering its covariance with the IRD record (see below), detrital P in the
fine fraction still records detrital supply changes. Authigenic P is the
phase more affected by grain size, and bulk sediments bear larger
amounts of authigenic P (approximatively twice as much). This implies
that we possibly underestimate a part of the authigenic P that precip-
itates on larger particles. Nevertheless, the differences in concentration
between bulk sediments and the 50-m fraction are consistent, and
we are confident in using the results from the fine-sized fraction to
support the interpretation of changing environmental conditions in the
sediments.
The approximate values of organic-bound hydrogen (in terms of
hydrogen index [HI], mg HC/g total organic carbon [TOC]) and or-
ganic-bound oxygen (in terms of oxygen index [OI], mg CO2/g sedi-
ment) were obtained from Rock-Eval pyrolysis (Espitalie´ et al., 1986).
Because our samples are rich in carbonate minerals (i.e., calcite and
dolomite) and have very low TOC contents (0.5%), the measured
values could be potentially biased. The reason is that some of the CO2
produced from carbonate decomposition during pyrolysis at relatively
low temperature overlaps with the CO2 originating from organic mat-
ter. In our samples, this phenomenon leads to a systematic overesti-
mation of OI and to an underestimation of TOC and HI. We evaluated
these effects by analyzing a subset of decarbonated (1 mol/L HCl)
samples, which were selected both from ambient glacial and HL
sediments. The OI and HI values calculated before and after carbonate
removal are well and linearly correlated (r2  0.946 and 0.785 for OI
and HI, respectively), and the carbonate-free samples reveal the same
trends as the untreated samples (i.e., higher HI and lower OI within
HLs compared to ambient glacial sediments). We have therefore cor-
rected the values obtained for bulk samples using the linear correlations
of OI and HI in carbonate-free vs. untreated samples. Even though this
correction may not remove all uncertainty on the absolute values, the
relative trends are reliable and allow us to compare them with other
organic matter proxies, such as 13C, obtained on carbonate-free 50-
m-sized fractions of the same samples (Huon et al., 2002).
Bulk sediment mineralogy was determined by X-ray diffraction
(XRD) (2 CuK, Scintag XDS 2000 diffractometer) using a semi-
quantitative estimation based on external standards (Ku¨bler, 1987).
Calcite, dolomite, and ankerite form a solid solution in which Ca2
may be replaced by Fe3 and/or Mg2. Dolomite and ankerite have
overlapping d spacings, and it is commonly difficult to distinguish
between them. Therefore, we have separated the major (104) peaks of
these two minerals at around 31° 2 CuK using a peak profile Pearson
VI deconvolution function (Scintag, 1987; Ku¨bler et al., 1990). The
relative error on mineralogical percentages is 5%.
3. RESULTS
The down-core variations in the concentrations of different P
phases within the fine-grained fraction for the Holocene and
glacial sediments are displayed in Figures 2 and 3, together
with low-field magnetic susceptibility values (Grousset et al.,
2001), IRD content, fine-sized TOC concentrations, and 13C
values (Huon et al., 2002). According to the magnetic suscep-
tibility and IRD records (Fig. 3), HL 4 is characterized by a
rather broad peak shape, whereas HL 5 is narrower (Grousset et
al., 2001). The distribution of IRD in the sediment is not limited
to the interval defined by foraminifer minima and IRD maxima
(Heinrich, 1988; Bond et al., 1992), but is more widespread
Table 1. Scheme of the phosphorus sequential extraction technique (SEDEX, modified after Ruttenberg, 1992).
Step name Treatments P component isolateda Errorsb
Detection
limitsc
Iron-bound Pd 10 mL CBD solution (6 hr) (0.22 mol/L sodium
citrate, 0.11 mol/L sodium bicarbonate, 0.13
mol/L sodium dithionite), 10 mL 1 mol/L
MgCl2 (2 hr), 10 mL H2O (2 hr)
Exchangeable or loosely sorbed P,
reducible or reactive iron-bound
P plus ferric Fe
3 to 6% 0.001
Authigenic Pe 10 mL 1mol/L Na-acetate buffered to pH 4 with
acetic acid (5 hr), 10 mL 1mol/L MgCl2 (2
hr), 10 mL 1mol/L MgCl2 (2 hr), 10 mL H2O
(2 hr)
Carbonate fluorapatite, biogenic
hydroxyapatite
2 to 7% 0.025
Detrital Pe 10 mL 1N HCl (16 hr) Detrital fluorapatite-bound P 3 to 5% 0.003
Organic Pe 1 mL 50% (w/v) MgNO3, dry in low oven, ash
at 500°C (2 hr), 10 mL 1 N HCl (24 hr)
Organic-bound P 2 to 5% 0.004
a Concentrations of all phases are expressed in milligrams per gram of sediment.
b Errors for each phase determination are considered as the relative standard deviation calculated on replicate analyses of consistency standards.
c Detection limits are considered as 3 times relative standard deviation calculated on replicate analyses of blank solutions.
d Iron-bound phosphorus and ferric Fe concentrations were measured using inductively coupled plasma atomic emission spectroscopy.
e The other phases were measured using a spectrophotometer. Sample solutions were diluted in distilled water, and a color developping agent was
added to the solution, following the ascorbic acid method for phosphate (Eaton et al 1995).
3
because of the sequential deposition of detrital minerals,
closely monitored by magnetic susceptibility values (Fig. 3).
Total P concentrations in Holocene and ambient glacial
samples range between 0.33 and 0.46 mg/g (Figs. 2 and 3,
Table 2) and are comparable with total P concentrations re-
ported for the low-productivity region in the North Atlantic
(0.5 mg/g; Baturin, 1988; Ruttenberg and Berner, 1993).
Fe-bound, authigenic, and organic-bound P concentrations are
also comparable with concentrations measured in sediments of
the North Atlantic (Ocean Drilling Program Site 907; Tam-
burini, unpublished data). Concentrations of most P phases in
the Holocene samples are in the range of the values observed
between 130 and 200 cm for ambient glacial sediments. How-
ever, Fe-bound P and reducible Fe concentrations, extracted
Fig. 2. Plots of down-core variations of (a) magnetic susceptibility (Grousset et al., 2001); (b) total organic carbon (TOC)
content and (c) 13C of organic carbon of the 50-m fraction (Huon et al., 2002); (d) total phosphorus; (e) ferric Fe and
Fe-bound P; (f) authigenic P; (g) detrital P; and (h) organic-bound P for the fine-sized fraction of Holocene samples from
core SU 90-09. The dotted line represents the inferred Younger Drays termination (Huon et al., 2002). PDB  Pee Dee
Belemnite standard.
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during the first step of the SEDEX method (Ruttenberg, 1992;
Slomp et al., 1996), exhibit higher values for Holocene samples
than for ambient glacial sediments.
Detrital P concentrations in the Holocene sediments average
0.0320  0.0078 mg/g above 25 cm and increase to 0.094 
0.003 mg/g between 25 and 30 cm. This latter depth corre-
sponds to the termination of the Younger Dryas event (Man-
gerud et al., 1974), although its position in the sedimentary
column is only a rough estimation based on fine-sized organic
matter TOC and 13C records (Fig. 2; see also Huon et al.,
2002). In contrast with detrital P, authigenic P, Fe-bound P, and
Fe concentrations display concomitant decreasing trends to-
Fig. 3. Plots of down-core variations of (a) magnetic susceptibility and ice-rafted debris (IRD) (150 m) content
(Grousset et al., 2001); (b) total organic carbon (TOC) content and (c) 13C of organic carbon of the50-m fraction (Huon
et al., 2002); (d) total phosphorus; (e) ferric Fe and Fe-bound P; (f) authigenic P; (g) detrital P; and (h) organic-bound P
for the fine-sized fraction of samples from core SU 90-09 (130 to 200 cm depth). The 144.0- to 153.5-cm and 187.0- to
193.5-cm intervals represent the Heinrich events 4 and 5, respectively (Huon et al., 2002). PDB  Pee Dee Belemnite
standard, HL  Heinrich layer.
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Table 2. Phosphorus phases and iron concentrations of fine-grained sediments from core SU 90-09 (North Atlantic, IRD belt).
Depth (cm)
Sediment
type Fe mgFe/g
Fe-bound P
mgP/g
Authigenic P
mgP/g
Detrital P
mgP/g
Organic-bound P
mgP/g
Total P
mgP/g
SU 90-09 (Holocene)
10 1.846 0.145 0.180 0.035 0.056 0.415
11 1.682 0.137 0.206 0.025 0.062 0.430
12 1.739 0.135 0.195 0.031 0.052 0.413
13 1.716 0.145 0.201 0.037 0.081 0.464
14 1.835 0.148 0.198 0.021 0.072 0.439
15 1.943 0.166 0.189 0.025 0.065 0.444
18 1.769 0.143 0.171 0.041 0.057 0.412
20 1.688 0.142 0.194 0.030 0.058 0.424
22 1.534 0.122 0.201 0.044 0.063 0.429
24 1.432 0.113 0.160 0.069 0.051 0.393
26 1.423 0.116 0.159 0.092 0.055 0.423
28 1.410 0.096 0.170 0.097 0.054 0.417
30 1.406 0.106 0.164 0.091 0.061 0.422
SU 90-09
130 0.894 0.000 0.236 0.051 0.054 0.341
131 0.724 0.000 0.239 0.040 0.062 0.341
132 0.739 0.000 0.246 0.059 0.056 0.360
133 0.706 0.000 0.224 0.115 0.049 0.388
134 0.718 0.000 0.224 0.076 0.053 0.352
135 0.739 0.000 0.226 0.119 0.050 0.395
136 0.908 0.000 0.246 0.067 0.056 0.369
137 0.939 0.000 0.205 0.138 0.052 0.395
138 1.084 0.000 0.209 0.173 0.047 0.428
139 1.105 0.000 0.190 0.201 0.060 0.450
140 1.129 0.000 0.205 0.197 0.049 0.451
141 0.530 0.000 0.123 0.295 0.032 0.450
142 0.881 0.000 0.173 0.232 0.048 0.453
143 1.115 0.000 0.185 0.223 0.039 0.447
144 H4 2.219 0.000 0.263 0.128 0.056 0.447
144.5 H4 1.732 0.000 0.241 0.125 0.046 0.412
145 H4 2.014 0.000 0.274 0.090 0.049 0.413
145.5 H4
146 H4 1.056 0.000 0.189 0.237 0.049 0.475
146.5 H4 1.166 0.000 0.199 0.176 0.033 0.409
147 H4 1.348 0.000 0.214 0.152 0.035 0.402
147.5 H4 1.144 0.000 0.184 0.259 0.063 0.507
148 H4 0.818 0.000 0.144 0.288 0.057 0.488
148.5 H4 0.944 0.000 0.187 0.213 0.041 0.442
150 H4 1.023 0.000 0.240 0.185 0.046 0.470
150.5 H4 3.248 0.000 0.141 0.286 0.031 0.457
151 H4 1.126 0.000 0.264 0.173 0.038 0.476
151.5 H4 1.123 0.000 0.273 0.135 0.045 0.453
152 H4 3.900 0.000 0.237 0.156 0.049 0.443
152.5 H4 1.404 0.000 0.279 0.116 0.058 0.453
153 H4 0.850 0.000 0.216 0.172 0.053 0.442
153.5 H4 0.892 0.045 0.208 0.075 0.056 0.384
154 0.800 0.059 0.221 0.028 0.052 0.359
155 0.757 0.075 0.222 0.027 0.059 0.384
156 0.691 0.043 0.211 0.025 0.055 0.333
157 0.715 0.084 0.191 0.029 0.057 0.361
158
159 0.603 0.065 0.200 0.036 0.050 0.352
160 0.643 0.077 0.190 0.025 0.055 0.347
161 0.614 0.077 0.207 0.032 0.058 0.375
162 0.637 0.058 0.194 0.019 0.054 0.325
163 0.651 0.056 0.190 0.028 0.057 0.332
164 0.729 0.083 0.184 0.027 0.056 0.351
165 0.631 0.061 0.193 0.030 0.054 0.338
166 0.803 0.082 0.196 0.030 0.050 0.358
167 0.738 0.084 0.200 0.037 0.055 0.377
168 0.725 0.091 0.192 0.025 0.052 0.360
169 0.677 0.108 0.216 0.029 0.055 0.408
170 0.514 0.059 0.194 0.034 0.051 0.339
171 0.573 0.092 0.199 0.033 0.047 0.371
172 0.596 0.094 0.208 0.033 0.046 0.380
173 0.644 0.047 0.212 0.044 0.056 0.360
(continued)
.
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ward the assumed Younger Dryas upper boundary. HLs 4 and
5 are characterized by high concentrations of detrital P, which
show a fivefold increase compared to ambient glacial sedi-
ment values (Fig. 3). The distribution of detrital P concen-
trations in HL 4 displays two major peaks of fine-sized
detrital P supply. The first one is coeval with the maximum
IRD concentration (144 to 153.5 cm, Fig. 3), while the
second one (137 to 142 cm, Fig. 3) occurs immediately after
HL 4, when the level of IRD supply is still high. The top and
bottom of HL 4 bear lower amounts of detrital P. Coarse
IRD contents (150 m) and fine-sized detrital P (50 m)
concentrations show similar profiles, but the correlation is
not statistically meaningful for HLs (r2  0.26, n  32). In
HLs 4 and 5, authigenic P is closely linked to detrital P
distribution. Detrital and authigenic P phases are roughly
correlated in ambient glacial sediments (r2  0.36, n  44),
whereas a relatively well-defined inverse correlation is ob-
served for HL samples (Fig. 4; r2  0.65, n  32). Minima
in detrital P concentrations correspond to intervals of high
authigenic P contents (144 to 145.5 cm and 151 to 153.5 cm;
Fig. 3). High amounts of Fe also characterize HLs, but as for
detrital P, the statistical correlation with IRD is rather weak
(r2  0.50, n  32). Fe ambient sedimentation levels are
maintained, slightly increased, or even enhanced such as for
150.5- and 152-cm core depths at the bottom of HL 4 (Fig.
3). Finally, Fe concentrations follow the authigenic P con-
centration trend observed within HLs. In contrast with Ho-
locene samples, in which Fe-bound P and Fe concentrations
are closely linked (Fig. 2), HLs bear no signal of Fe-bound
P (Fig. 3). The organic-bound P record is rather complex.
Besides a downward decreasing trend in ambient (glacial
and Holocene) sediments (Figs. 2 and 3), organic-bound P
shows relative minima for HL 4 and less conspicuously for
HL 5.
Molar TOC/Porg in ambient glacial sediments (193  41;
Fig. 5) provides values slightly higher than the Redfield ratio
estimated for marine organic matter from nutrient data analysis
(117  14; Anderson and Sarmiento, 1994). In our samples,
TOC/Porg generally displays lower values within HLs (148 
30). Oxygen and hydrogen contents of organic matter, repre-
sented by OI and HI indexes, display lower and higher values
in HLs, respectively (Fig. 5). In an HI vs. OI plot, we observe
two different sets of samples, corresponding to ambient glacial
sediments and HL samples, respectively (Fig. 6a). The OI also
covaries with organic matter 13C values: HL samples are
characterized by low 13C values and OI, whereas ambient
glacial sediments provide high 13C and OI (Fig. 6b).
In this study, only calcite, dolomite, and ankerite percentages
from XRD are presented (Fig. 7). The occurrence of Heinrich
events 4 and 5 is clearly brought into evidence: Calcite per-
centages show a twofold decrease compared to ambient glacial
values, whereas dolomite and ankerite covary and increase
during HL deposition (Fig. 7).
Table 2. (Continued)
Depth (cm)
Sediment
type FemgFe/g
Fe-bound P
mgP/g
Authigenic P
mgP/g
Detrital P
mgP/g
Organic-bound P
(mgP/g)
Total P
mgP/g
174 0.604 0.058 0.205 0.042 0.043 0.349
175 0.684 0.088 0.203 0.037 0.052 0.380
176 0.626 0.058 0.216 0.042 0.046 0.362
177 0.666 0.069 0.232 0.039 0.054 0.394
178 0.712 0.100 0.215 0.034 0.050 0.399
179 0.756 0.076 0.269 0.058 0.059 0.462
180 0.587 0.060 0.233 0.047 0.044 0.384
181 0.546 0.055 0.223 0.064 0.046 0.388
182 0.612 0.053 0.225 0.044 0.044 0.365
183 0.520 0.051 0.216 0.093 0.040 0.400
184 0.661 0.066 0.225 0.085 0.041 0.418
185 0.710 0.074 0.241 0.055 0.047 0.417
186 0.631 0.063 0.236 0.065 0.054 0.417
187 H5 0.743 0.078 0.257 0.063 0.046 0.445
187.5 H5 0.748 0.080 0.253 0.068 0.045 0.445
188 H5 0.893 0.053 0.260 0.074 0.042 0.428
188.5 H5 0.856 0.045 0.217 0.127 0.046 0.436
189 H5 0.964 0.000 0.260 0.081 0.040 0.380
189.5 H5 1.102 0.000 0.250 0.107 0.045 0.403
190 H5 1.055 0.000 0.235 0.159 0.041 0.436
190.5 H5 1.239 0.000 0.287 0.097 0.043 0.426
191 H5 0.960 0.000 0.222 0.164 0.038 0.424
191.5 H5 1.158 0.000 0.279 0.131 0.036 0.446
192 H5 0.715 0.000 0.220 0.231 0.030 0.481
192.5 H5 1.000 0.000 0.305 0.088 0.038 0.430
193 H5 0.714 0.042 0.242 0.083 0.040 0.407
193.5 H5 0.724 0.054 0.223 0.055 0.037 0.369
194 0.787 0.076 0.212 0.035 0.049 0.371
195 0.775 0.087 0.219 0.036 0.034 0.376
196 0.666 0.086 0.195 0.030 0.036 0.347
197 0.599 0.105 0.185 0.026 0.034 0.350
198 0.670 0.086 0.196 0.051 0.046 0.378
199 0.651 0.089 0.186 0.025 0.041 0.341
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Fig. 4. Plot of authigenic P vs. detrital P concentrations for the 50-m fraction of samples from core SU 90-09. Solid
circles ambient glacial sediment samples, empty squares Heinrich layer (HL) 4 samples, solid squares HL 5 samples.
The regression line has been calculated using a least squares fit method (Beyer, 1976).
Fig. 5. Plots of down-core variations of (a) magnetic susceptibility and ice-rafted debris (IRD) (150 m) content
(Grousset et al., 2001), (b) total organic carbon (TOC)/P of organic matter molar ratio (TOC values have been taken from
Huon et al., 2002), (c) Rock-Eval oxygen index, and (d) Rock-Eval hydrogen index. HL  Heinrich layer.
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4. DISCUSSION AND INTERPRETATION
4.1. Evidence for the Lack of Major Postdeposition
Diagenetic Redistribution of P
Since comparable values are obtained for Holocene and
ambient glacial samples, it appears that no major late diagenetic
process influenced the redistribution of authigenic and organic-
bound P in sediments (Figs. 2 and 3). On the other hand, the
higher Fe-bound P values displayed by Holocene sediments
hint at a diagenetic imprint with respect to this phase. P
adsorbed onto Fe oxyhydroxides minerals may easily be re-
leased into pore waters once Fe oxyhydroxides have been
dissolved below the redox boundary (Jarvis et al., 1994). Thus,
the observed differences between ambient glacial and Holocene
samples may be the result of active adsorption-desorption pro-
cesses taking place during the redox cycle in the upper section
of the sediment column.
Fig. 6. (a) Plot of oxygen index (OI) vs. hydrogen index (HI) and (b) plot of 13C of organic carbon (Huon et al., 2002)
vs. OI of fine-grained (50-m fraction) samples from core SU90-09. Solid symbols  ambient glacial sediment samples,
empty symbols  Heinrich layers 4 and 5 samples. A clear, direct correlation between OI and 13C for Heinrich events
samples appears. TOC  total organic carbon, sed.  sediment, PDB  Pee Dee Belemnite standard.
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4.2. Nature of the Authigenic P Phase
As discussed under “Material and Methods,” the acetate step
of the SEDEX method extracts phosphorus associated to dif-
ferent sedimentary phases (see above and Table 1). It is im-
portant here to determine which of these components are
present in the studied sediments. Biogenic calcium carbonate
does not generally bear large quantities of P (3.2  106
mg/g; Sherwood et al., 1987; Delaney, 1998). In fact, phos-
phorus previously thought to be associated with carbonate shell
debris, has been found to be principally bound to Fe-oxides
coatings (Sherwood et al., 1987). For sediments from core SU
90-09, the correlation between the authigenic phosphorus phase
and calcite is not significant (r2  0.083), confirming that
calcite is not a significant source of P to the sediments. Fish
debris are an important component of sediments in upwelling
margins and coastal areas, but in other environmental settings
(e.g., deep sea), fish debris percentages are relatively low and
mainly concentrated in the coarse fraction (Schenau et al.,
2000). Phyllosilicates generally do not contain significant quan-
tities of phosphorus (Ruttenberg, 1992), and in samples from
core SU90-09, they average only 3% (XRD results, data not
shown). However, we cannot exclude that a small part of the
authigenic phosphorus is associated with phyllosilicates. An-
other possible component of this authigenic pool might be
allochtonous authigenic phosphorus minerals, whose variations
would not reflect active in situ precipitation. Because precipi-
tation of authigenic P at the sediment-water interface is known
to occur only in continental margin sediments below high-
productivity zones (Froelich et al., 1988), a way to test for the
presence of allochtonous material would be to know the con-
centration of the authigenic P phase in surface sediments. This
value should give an indication of the amount of preformed
authigenic P present in our sediments. On the basis of the data
available to us, concentrations of authigenic phosphorus from
below 10 cm and from ambient glacial samples are in the range
of values previously reported for pelagic sediments (0.185
mg/g; Ruttenberg and Berner, 1993); this suggests the lack of
an important contribution from an allochtonous source of au-
thigenic phosphorus minerals. Sedimentary detrital apatite
might also have been transported along with the ice-rafted
material to site SU90-09. However, because phosphorus is
generally tightly bound in the structure of sedimentary apatite,
which is generally well crystallized (Compton et al., 2000), it
would be more likely extracted during the third step of the
SEDEX extraction.
The authigenic P concentration increases at the beginning
and at the end of HL 4 and to a lesser extent within HL 5,
possibly documenting (a) enhanced P release due to organic
matter degradation, (b) increased input of nutrients (particulate
and dissolved) supplied by ice rafting from the surrounding
land masses, or (c) the northward penetration of nutrient-rich
South Atlantic waters (Charles and Fairbanks, 1992). An argu-
ment against enhanced P regeneration from an organic matter
source is that TOC/Porg decreases within HLs (Fig. 5), pointing
to a relative enrichment of organic P with respect to organic
carbon and possibly more refractory organic matter. The last
two hypotheses can better account for the authigenic P behav-
ior. In fact, higher nutrient levels during iceberg discharges,
enhancing primary productivity, have already been suggested
(Sancetta, 1992). However, we have no micropaleontological
Fig. 7. Plots of down-core variations of (a) magnetic susceptibility and ice-rafted debris (IRD) (150 m) content
(Grousset et al., 2001); (b) calcite, (c) dolomite, and (d) ankerite percentages of fine-grained (50-m fraction) sediments
from core SU90-09.
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evidence for such an increase, at least for core SU 90-09
(Grousset et al., 2001; Huon et al., 2002).
4.3. Enhanced Supply of Ice-Rafted Detrital P During
Heinrich Events 4 and 5
Because detrital P is not involved in biologic processes
(Delaney, 1998), its distribution can be regarded as mirroring
detrital supply in sediments. The low point-to-point correlation
between coarse IRD content and fine-grained detrital P in HLs
may be explained by (a) the different behavior due to grain size
and/or (b) the different source of detrital supply. Sr and Nd
isotope analyses of IRD material indicate a succession and
mixing of European and Canadian sources of detrital material
for HL 4 (Grousset et al., 1993, 2000). Igneous and metamor-
phic rocks of these two geological provinces may possibly
yield distinct amounts of P-bearing minerals (e.g., apatite,
monazite), which could be reflected in detrital P sedimentary
records. High amounts of detrital P are observed in the central
interval of HL 4 (146 to 150.5 cm, Fig. 3), which is supposed
to reflect enhanced supply from Canada (Grousset et al., 2000),
while lower amounts of detrital P in the upper and bottom
intervals of HL 4 could reflect a European origin (Fig. 3).
Detrital P shows high values also within HL 5, but no sequen-
tial deposition could be detected, probably because this layer
was deposited during a weaker ice-rafted discharge event
(Bond et al., 1992), as is already shown by the low IRD content
(Fig. 3).
In contrast to Holocene sediments, where a positive correla-
tion exists (Fig. 2), Fe and Fe-bound P are decoupled within
HLs 4 and 5 (Fig. 3). In fact, HLs bear no signal of Fe-bound
P. This behavior can be related either to the nature of Fe phases
or to changing environmental conditions (see discussion be-
low). Accumulation of well-crystallized detrital iron-bearing
minerals (e.g., hematite coated grains; see Bond and Lotti,
1995) probably took place during HL deposition. Since these
minerals constitute a less efficient sink for dissolved P than, for
instance, neoformed and amorphous Fe oxides (Slomp et al.,
1996), Fe-bound P formation was limited. Moreover, if low-
oxygen conditions developed in the upper sediments (see dis-
cussion below), reduced Fe would precipitate as Fe sulfides.
Because amorphous Fe sulfides are also dissolved during the
dithionite step of the SEDEX extraction (Slomp et al., 1996),
the increase in the extracted Fe in HLs could indicate the
presence of these minerals.
Ankerite and dolomite peaks coeval with Fe maxima have
also been identified by XRD within HLs (Fig. 7). If dolomite
and ankerite were supplied to the sediments only by detrital
input, they should covary with calcite during HL deposition.
The lack of covariation may point to a possible diagenetic
origin of fine-sized dolomite and ankerite, although detrital
input is not excluded. Indeed, idiomorphic crystals of dolomite
have been observed within HL sediments (Jantschik, 1991). If
neoformed by direct precipitation into the sediments, both
carbonate minerals, especially ankerite, reflect reducing and
oxygen-poor conditions in the sediments (Glenn et al., 1994;
Malone et al., 1994), which are not favorable to Fe-bound P
phase formation (Jarvis et al., 1994; Slomp et al., 1996). These
aspects are addressed more precisely in the following section.
4.4. Bottom-Water Conditions During HL Deposition
Inferred From P Phase Distribution
The inverse correlation between authigenic and detrital P
concentrations inside HLs and the tight behavior of Fe-bound
and detrital P throughout the sediments provide evidence of
changing bottom-water conditions. We propose in fact that the
relationships between authigenic and Fe-bound P and detrital P
are not just the result of a dilution effect between the three
phases but more likely reflect changing conditions in the sed-
iments. This is particularly true for Fe-bound P. Reducible Fe
increases during HL deposition (Fig. 3). If the conditions were
ideal for the adsorption of phosphorus on Fe oxides, we would
expect to see a concomitant increase of this phase, which is not
the case (Fig. 3). Moreover, the lack of precipitation of Fe-
bound P during HL deposition was not caused by the decrease
of dissolved P in bottom and pore waters. Indeed, supply of
material from the continent increased during the deposition of
HLs, which possibly implies enhanced phosphorus input.
Moreover, as inferred from Cd/Ca ratios, phosphorus concen-
trations in bottom waters were higher during Heinrich events
(Bertram et al., 1995).
Fe-bound P and Authigenic apatite are precipitated in sedi-
ments only under specific chemical and physical conditions
(e.g., relatively high oxygen content, low alkalinity, high flu-
oride pore-water content). Beyond these limiting conditions,
dissolved P is released from the sediment back into the water
column (Ingall and Jahnke, 1994; Jarvis et al., 1994). The
adsorption of phosphate on Fe oxyhydroxides takes place in the
oxidized layer and controls even on short-time scales the flux of
phosphorus between marine sediments and bottom waters
(Krom and Berner, 1980; Slomp and Van Raaphorst, 1993).
Among the factors ruling this process, oxygen levels in pore
waters and the availability and crystallinity of Fe oxyhydrox-
ides are the most important (Anschutz et al., 1996; Slomp et al.,
1996). Enhanced organic matter degradation, changes in pro-
ductivity, and/or stratification of the water column may reduce
oxygen levels in pore waters, hence making the oxidized layer
thin or even absent. Under these conditions, Fe oxyhydroxides
are dissolved, since Fe3 is rapidly reduced to Fe2, leading to
the precipitation of iron sulfides. Phosphate associated to the Fe
oxides is then released to the pore waters and, if there are no Fe
oxides available, to bottom waters. On the other hand, if the
amount of iron is large enough to buffer for the precipitation of
Fe sulfides, Fe oxyhydroxides may still be present and phos-
phates might be adsorbed, despite general reducing conditions
(e.g., Mississippi delta sediments; Ruttenberg and Berner,
1993). The crystallinity of Fe oxyhydroxides also plays an
important role because amorphous Fe oxide minerals (e.g.,
ferrihydrite) precipitate in situ, constitute a more efficient sink
for phosphate than well-crystallized particles (e.g., goethite;
Slomp et al., 1996). Thus, the presence vs. absence of the
Fe-bound P phase, along with its relationship with Fe oxides,
should give indications about both oxygen levels and the nature
of the Fe particles.
It has been shown that massive discharge of icebergs during
Heinrich events produced a freshwater lid, which possibly
caused a temporary stratification of the water column, hamper-
ing or even shutting down NADW formation (Broecker, 1994;
Sarnthein et al., 1994; Maslin et al., 1995; Vidal et al., 1997;
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Chapman and Shackleton, 1999; Marchal et al., 1999). Low
oxygen levels caused by reduced bottom-water ventilation may
have led to dysaerobic conditions in the sediments. The disap-
pearance of the oxidized layer may in turn have reduced au-
thigenic P precipitation, promoted the precipitation of Fe sul-
fides, and inhibited adsorption of P on Fe particles (Berner and
Rao, 1994; Jarvis et al., 1994). The concomitant drop of Fe-
bound P and authigenic P concentrations within HLs may
therefore indicate (a) the loss of dissolved P from the sediments
to the water column, and/or (b) the reduced capability of HL
sediments to retain phosphorus. Low oxygen levels, along with
the different nature of Fe particles, may have completely in-
hibited the adsorption of phosphate, influencing pore-water and
bottom-water phosphate concentration.
Because sediment accumulation rates increased during Hei-
nrich events (Elliot et al., 1998; Grousset et al., 2001; Huon et
al., 2002), the phosphorus concentrations may not reflect the
amplitude of phosphorus supply to sediments. Using average
sedimentation rates estimates of 3.4 and 10.3 cm ka1, average
dry bulk sediment densities of 1.90 and 2.28 g cm3, and
average fine-sized percentages of 30 and 39% for ambient
glacial sediments and HLs, respectively (Huon et al., 2002), we
have tried to estimate the theoretical release of P in the sedi-
ments during HL 4. We made the simple assumption that
fine-sized Fe-bound P, lacking in HLs, should have precipitated
in equal concentration as during ambient glacial sedimentation
(average concentration 1: 0.071  0.0162 mg P g1). The
phosphorus mass release rate (equivalent to the accumulation
rate, P-MAR, mg P cm2 ka1) is calculated using the follow-
ing equation:
P-MAR  [P]  F  d  S, (1)
where d is the dry bulk sediment density (g cm3), S is the
sedimentation rate (cm ka1), F is the fine-sized (50 m)
fraction abundance (wt.%), and [P] is the fine-sized Fe-bound P
concentration (mg P g1). The results of these calculations
provide first-order estimates of 0.14 mg P cm2 ka1 during
ambient glacial sedimentation and 0.65 mg P cm2 ka1 for
HL 4. Approximately 4.6 more Fe-bound P should theoretically
precipitate during HL 4. The overall amount of P released
during Heinrich event 4 should be 1.24 mg P cm2, using an
average duration of 1.9 ka (neighbor sediment core SU90-08;
Vidal et al., 1997).
Additional estimates of P concentration release in the water
column can be made using the following equation:
P  P-MAR  (1/MP)  	1/H
  	1/d
, (2)
where P is phosphorus concentration in bottom water (mol P
kg1 seawater), P-MAR is the P mass accumulation rate pre-
viously calculated (mg P cm2 ka1), MP is P atomic mass
(30.97 g mol1), H is the overlying seawater column possibly
concerned by P release (estimated at 1315 m), and d is the
seawater density (1.0253 g cm3). The parameter H has been
calculated as the difference between the average depth of the
Atlantic Ocean (3315 m) and a depth of 2000 m, at which
increases in P and Cd concentrations have been reported (Ber-
tram et al., 1995). Estimated concentrations of released P in
bottom water are 0.16 mol P kg1 ka1 or 0.30 mol P kg1
for 1.9 ka. We can compare this P concentration with previous
estimations made using other proxies such as benthic foramin-
ifer 13C and Cd/Ca ratios (Boyle, 1988; Bertram et al., 1995).
An average 13C decrease of 0.35‰ was reported by Vidal et
al. (1997) in the North Atlantic for benthic foraminifers in HLs
4 and 5. This offset possibly records an increase of Cd/Ca in the
range 0.05 to 0.08 mol mol1 (data in Bertram et al., 1995)
that can be converted in a bottom-water concentration of dis-
solved Cd of0.25 nmol kg1 (Boyle, 1988). Accordingly, the
P concentration in bottom waters derived from the Cd-P
relation (Boyle, 1988; Bertram et al., 1995) increases by 1.2
mol P kg1 during Heinrich events. Although very imprecise
because of numerous assumptions and uncertainties involved in
the calculation, our result may explain 25% of the assumed
phosphorus increase recorded during HL 4. With a higher
estimation of sedimention rate in HLs (e.g., 15 cm ka1;
Grousset et al., 2001), we can derive a higher P release (up to
0.23 mol kg1 ka1), but it will not drastically change our
result (36%).
Because the phosphate adsorption/desorption cycle on Fe
oxyhydroxides is restricted to the very top of the sediment
column (Slomp et al., 1996), changes of this cycle may influ-
ence bottom-water properties on a very short time scale. In-
creased Cd/Ca ratios of benthic foraminifers during Heinrich
events have been interpreted as evidence of deep phosphate-
and nutrient-rich waters, probably from southern sources (e.g.,
Bertram et al., 1995). Although it is not possible here to assess
the real impact of the release of dissolved P from the sediments,
this process may have contributed to higher phosphate concen-
trations in bottom waters during Heinrich events. In this case,
the Cd/Ca ratio could have recorded a local signal along with a
remote source change.
4.5. Selective Preservation or Change in the Source of
Organic Matter in HLs
During prominent Heinrich events (HLs 1 to 5), the relative
contribution of terrestrial organic matter is clearly enhanced, as
shown by carbon and nitrogen stable isotopic studies of the
organic matter (Huon et al., 2002). Along with ambient marine
organic matter, several continental sources have been postu-
lated, including ancient soils from periglacial regions and or-
ganic matter–bearing rocks from the geological basement (e.g.,
carbonate rocks; Bond et al., 1992; Rosell-Mele´ et al., 1997).
Although TOC/Porg values measured in this study are close
to the Redfield ratio of 117  14 (Anderson and Sarmiento,
1994), they do not necessarily reflect a dominant marine sig-
nature in HLs with respect to the high values usually expected
for continental sources (Ruttenberg and Go˜ni, 1997). Low
values for continental organic matter can possibly reflect (a) a
grain size effect (Ruttenberg and Gon˜i, 1997), also shown by
the TOC/TN ratio (Keil et al., 1994; Huon et al., 2002); (b) the
degree of organic matter mineralization in the source area; or
(c) the selective preservation of organic matter in sediments.
HI and OI provide contrasting results for ambient glacial
sediments and HLs. Low HI values are generally consistent
with the signature of refractory organic matter (Espitalie´ et al.,
1986), often observed in deep-sea environments (Zegouagh et
al., 1999). Huon et al. (2002) interpreted the low 13C values in
HLs as reflecting a dominant terrestrial origin for organic
matter, including contributions from organic matter–bearing
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rocks. The positive correlation between low OI and low 13C
implies that continental organic matter deposited during Hein-
rich events has an oxygen-depleted composition (Fig. 6b).
Thus, this relation is consistent with the hypothesis of a sig-
nificant contribution of old and more refractory organic matter
because it is known that during burial and maturation of the
organic matter, the OI decreases (Hetenyi, 1998). The relatively
low OI of HL samples, together with their somewhat higher HI,
may also indicate that some of the organic matter has been
better preserved from bacterial degradation during the phases
of enhanced ice-rafting supply, in contrast to more intense
oxidation during ambient glacial sedimentation. Higher sedi-
mentation rates during HLs deposition also support this inter-
pretation (Manighetti and McCave, 1995). In fact, during oxi-
dation of organic matter, OI and HI are affected and show a
trend toward higher and lower values, respectively (Meyers,
1997). This latter assumption is consistent with low-oxygen
bottom-water conditions during Heinrich events shown by Fe-
bound P and authigenic P depletions. On the whole, enhanced
preservation due to high sedimentary fluxes as well as changing
organic matter composition may explain both the observed OI
and HI variations.
5. CONCLUSIONS
1. Using a sequential extraction of fine-grained (50 m)
phosphorus phases (detrital, authigenic, Fe bound, and or-
ganic bound), we show that their down-core distribution in
North Atlantic deep-sea sediments reflects rapidly changing
environmental conditions. Millennial time scale episodes
such as Heinrich events are recorded by changes in the
distribution of sedimentary phosphorus phases.
2. During the phases of enhanced ice-rafting supply corre-
sponding to HLs 4 and 5, dissolved P is lost from sediments
because the conditions leading to Fe-bound P and authigenic
P formation are no longer completely fulfilled. Stratification
of the water column related to massive iceberg discharges
account for these temporary suboxic-anoxic conditions in
the sediments. Because fine-grained ankerite and dolomite
may crystallize under the oxygen-depleted conditions pre-
vailing during Heinrich events, their higher occurrences
support this conclusion.
3. Detrital P, authigenic P, and Fe concentrations in HLs 4 and
5 reflect sequential depositions of ice-rafted detrital material
that are closely tied to bottom-water oxic concentrations.
4. TOC vs organic-bound P ratios and Rock-Eval pyrolysis
indices provide evidence for enhanced preservation of fine-
grained sedimentary organic matter during Heinrich events,
which is in line with less oxygenated bottom-water condi-
tions and higher sedimentation rates. However, these param-
eters may also reflect the presence of more refractory and
old organic matter originating from continental sources, as
has been suggested by earlier C isotope studies (Huon et al.,
2002), contrasting with the marine and terrigenous inputs
prevailing during ambient glacial sedimentation of the past
50 ka.
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